ABSTRACT Bactrocera latifrons is a tephritid fruit ßy that invaded the Hawaiian Islands in 1983 and has since spread throughout the island chain. Its invasion was facilitated by the invasion of two previous nonendemic species of solanaceous plants: Solanum torvum and Solanum linnaeanum. This study explored three aspects of B. latirfrons biology: (1) the short-term temporal patterns of wild ßies were examined in invasive populations of S. torvum; (2) B. latifrons' host preference for two principal wild hosts, S. torvum and S. linnaeanum; and (3) the movement of B. latifrons among host patches of established populations of S. torvum in Iao Valley, Maui, HI. For the third objective, we conducted a mark-release-recapture study using ßies dyed with a phosphorescing marker and ßies marked with a vertebrate protein. The laboratory studies suggest the ßies prefer ovipositing in S. linnaeanum to S. torvum and that survival in S. linnaeanum is higher than in S. torvum. Trap catches in the dispersal study did not exceed 200 m during the 6-wk course of the study, suggesting that dispersal rates are similar to those seen in other tephritid fruit ßy species.
TEPHRITID FRUIT FLIES ARE among the most damaging insect pests found in the world (White and ElsonHarris 1992) . For example, Ceratitis capitata (Wiedemann), the Mediterranean fruit ßy, is arguably one of the most destructive pests of fruits in the world, attacking Ͼ300 species of fruits and vegetables in its larval stage (Liquido et al. 1995) .
The invasion of the Hawaiian Islands by four tephritid fruit ßies (three of which are Bactrocera species) is illustrative. The melon ßy (Bactrocera cucurbitae Coquillett), whose larvae feed on cucurbits, invaded Hawaii from Southeast Asia and became established in 1897. By 1917, it had spread throughout the islands, mostly attacking cultivated crops but also infesting some native species (Back and Pemberton 1917) . In 1910, the Mediterranean fruit ßy (C. capitata) was discovered on the island of Oahu, and it quickly spread throughout this island chain (Back and Pemberton 1918) . In 1946, the Oriental fruit ßy (Bactrocera dorsalis Hendel) was discovered in a shipment of fruit to California from the South PaciÞc. This ßy from Southeast Asia attacked almost every fruit commercially grown in Hawaii. It also attacked native tropical fruits (Harris 1989) .
The most recent invasion came from the Solanaceous fruit ßy Bactrocera latifrons (Hendel), which arrived in Hawaii in 1983. By the time it was identiÞed, it had already spread to all inhabited islands (except possibly NiÕihau) in the Hawaiian Island archipelago .
Bactrocera latifrons is indigenous to Southeast Asia. In its larval stage, it attacks the fruit of solanaceous plants (White and Elson-Harris 1992, Liquido et al. 1994) . Liquido et al. (1994) thoroughly studied B. latifrons host fruit infestation in cultivated and wild plant hosts and surveyed host infestation literature. On the islands of Hawaii and Maui, they found 11 species of solanaceous plants and 4 species of cucurbitaceous plants that were hosts for B. latifrons. In cultivated hosts on these two islands, B. latifrons was rarely found in large populations (compared with other tephritid pest species), perhaps because the crop species it attacks are not grown in large numbers and because its wild hosts are usually thinly distributed. However, B. latifrons' population dynamics have rarely been studied either in its native range or in the Hawaii adventure populations.
To understand the ecology of B. latifrons, it is important to consider its two principal wild hosts in the Hawaiian Island chain: Apple of Sodom, Solanum linnaeanum Hepper and Jaeger, and Turkey Berry, Solanum torvum Swartz. S. linnaeanum was introduced sometime after Ϸ1885. As late as 1929, it was found only on Oahu, but it has now spread to Maui, Hawaii, Lanai, and Molokai. We were unable to locate the plant on the island of Kauai. S. linnaeanum is originally from Africa, and there is no information on how it might have been brought to Hawaii (Wagner et al. 1990 ). Apple of Sodom is a thorny, woody shrub 1Ð2 m high, found in disturbed, dry habitats. It has ovate, oblong leaves, divided into Þve to seven irregular lobes, and smooth yellow fruit Ϸ2 cm in diameter (Pope 1968) . In Hawaii, the plant is usually found in actively grazed pasture lands.
Solanum torvum is thought to have been introduced more recently, possibly as late as 1950. Because it is used in Asian cooking, its introduction to the Hawaiian Islands is thought to have been intentional, after the immigration of Asian populations to Hawaii. S. torvum is a tall 2-to 4-m high perennial. Its berries are from 3 to 16 mm in diameter (our measurements) and are found in clusters of 3Ð12 fruits, which contain 300 Ð 400 seeds each (Whitson et al. 1999) .
Despite eradication attempts, S. torvum is found patchily on Oahu and Maui, usually on disturbed pasturelands. One of the authors (G. M.) found another small stand of this plant on the Island of Hawaii near Pepeekeo (no B. latifrons has yet been found in this stand).
Studies of wild populations of B. latifrons in S. linnaeanum have been difÞcult because this plant grows sparsely in typically dry, wind-swept, highly disturbed, actively grazed pasturelands. Because of these conditions, populations of the ßy are generally low and difÞcult to trap in these regions. Wet protein-bait traps dry out quickly, and male lure traps, such as alphaionol with cade oil, are generally thought to be inefÞcient compared with traps with methyl eugenol for B. dorsalis or cue lure for B. cucurbitae (Flath et al. 1994, McQuate and Peck 2001) . Moreover, traps do not perform well in the windy environment where S. linnaeanum grows. However, the stands of S. torvum found on Maui harbor large populations of B. latifrons .
Understanding the movement of these ßies is important in devising trapping strategies for fruit ßy interdiction. Movement studies are notoriously difÞ-cult (Aluja 1993 , Isard 1993 , Dempster et al. 1995 but important, if ßy interdiction methods are to be successful (Kawai 1978 , Kovaleski et al. 1999 ). There are several reasons why insects move (to Þnd mates, food, shelter, oviposition sites, etc.), so in addition to the movement studies reported here, we report studies of ovipositional preference, which is thought to inßu-ence ßy movement (Liu and Huang 1990 , Prokopy et al. 1990 , Fletcher and Prokopy 1991 . Knowledge of both of these aspects of fruit ßy ecology will be valuable in understanding which hosts to include as trapping sites in regional trapping efforts and give an indication on ßy movement behavior when designing surveillance strategies for this ßy.
SpeciÞcally, this study explored three aspects of B. latirfrons biology: (1) the short-term temporal patterns of wild ßies were examined from 24 May 1999 until 29 September 1999 in invasive populations of S. torvum in the Huluhulunui Gulch, north of Kokomo, as well as in the lower reaches of Iao Valley, Maui; (2) we explored B. latifrons' host preference for two principal wild hosts, S. torvum and S. linnaeanum; and (3) to understand movement of B. latifrons among host patches of established populations of S. torvum in Iao Valley, we conducted a mark-release-recapture study using ßies dyed with a phosphorescing marker and ßies marked with a vertebrate protein (rabbit). et al. 1999) . Jackson traps were baited with the male parapheromone alpha-ionol combined with cade oil. Traps were hung at Ϸ1.5 m from the ground and spaced 20 Ð100 m apart. Flies caught in traps were sexed and counted every 2 wk. The time frame was designed to include at least one complete generation of the ßies. [LB] ), at least 2 wk old, were placed in 500-ml screened lid containers with either two immature (green and white) AS fruits or two immature green TB fruits. The fruits were collected on the Island of Hawaii from stands known to be free of B. latifrons and inspected to be sure they were free of oviposition marks. In one-half of the containers, four small pinholes were made at quarterly positions around the equator of each fruit. These holes provide places for ßies to oviposit and make it easier to locate eggs placed into the fruit. The fruits were attached to the bottom of the chamber using hot glue to ensure that all holes were always accessible to the ßy. Fruits were exposed to ßies for 24 h, after which the fruits with pinholes were dissected to determine the number of eggs found in each hole. TB and AS fruits without pinholes were placed, individually, in 7.6 by 12.7-cm and 10.2 by 10.2-cm bags, respectively, with 5 and 10 ml of sand on the bottom to serve as a medium for pupation. They were held until adult emergence for assessment of infestation.
Materials and Methods

Trapping Protocol to Assess Wild Fly Populations
Influence of Larval
Three containers were run at the same time for each combination of fruit type and hole/nonhole combination. A single run with three containers constituted a single trial. There were Þve trials for the ßies reared from TB, two trials for those reared from AS (fewer fruits were used because fewer fruits were available from the same area), and Þve trials for those reared from LB ßies. Because the two fruit types ripen at different times, the ßies from these fruits emerged in batches, and therefore all ßies reared from a given fruit time were all available at the same time. As a result, experiments involving these ßies had to be run at the same time, so that time and fruit type the ßies were reared from are statistically confounded. For this reason, this experiment cannot be analyzed in a simple randomized design, and the trials were necessarily run as a nested mixed model (using the statistical package SAS Proc Mixed; SAS Institute 2001) on the square root transformed number of eggs dissected from the fruit with holes or number of larvae and pupae emerged from the fruit without provided holes. Formally, the model used was
where FlySource is the fruit from which the ßies were reared (TB, AS, or LB), typefruit was the type of fruit placed in the cage for oviposition (TB, AS), and Blocks were the separate times the experiment was run. In short, the equation above says that because all of the ßies coming out of the different fruit types were ready at the same time, the experiment was repeated for each batch of ßies as they emerged from the two fruit types (or those reared from the laboratory strain). For example, all of the ßies coming out of TB had to be processed together. So the ßies coming out of TB were then placed in cages with the different fruit types, and the number of eggs (holes added to fruit) or pupae emerged (no holes added to fruit) was assessed. This was repeated for each batch of ßies as they emerged from TB, AS, or obtained from LB. The individual repeats of the experiments were the blocks in the model above. The model was used separately for fruits with holes, where eggs were counted, and for fruits without holes, where emergent larvae were counted.
B. latifrons Preference Tests
Test with Fruit Volume Differing. In addition to the above tests with individual fruit types in each cage, identical cages with both one TB and one AS fruit in each cage were run under the same protocol and experimental design given above. This allowed us to explore whether one fruit type was strongly preferred despite size differences between the fruits.
Test with Fruit Volume Constant. A second-choice test was conducted to assess whether there was a preference for TB or AS. Twenty-Þve females reared from TB, at least 2 wk old, were released, starting between 8:00 and 10:00 a.m. in the middle of a 15 by 15 by 215-cm clear Plexiglas chamber with 5 immature AS fruits at one end and 37 immature green TB fruits at the other end. Numbers of fruits were chosen to provide approximately equal surface areas of the two fruit species. The chamber was placed outside underneath an overhanging roof that protected it from rain but provided ambient temperature, relative humidity, and indirect light. Normal adult food and water was provided in the middle of the chamber so that it was equidistant from the two fruit types; therefore, its location would not effect preference This test was repeated using ßies reared from AS and TB ßies. Three, six, and four repetitions was completed for ßies recovered from AS, TB, and LB ßies, respectively. The type of fruit used in a given end was reversed after every trial. After 4 h of exposure to the ßies, TB and AS fruits were placed individually in 7.6 by 12.7-cm and 10.2 by 10.2-cm bags, respectively, with 5 and 10 ml of sand on the bottom to serve as a medium for pupation. They were held until adults emerged for assessment of infestation. The number of ßies ovipositing averaged across all time periods was square root transformed, and an analysis of variance (ANOVA) was performed.
Rearing Wild Flies for Mark-Release-Recapture Study
To obtain ßies for a mark-release-recapture study, 9,259 (17.39 kg) S. torvum and 304 (5.49 kg) S. linnaeanum fruits were collected between 7 July 1999 and 14 July 1999 at the Kokomo, Maui sites. Fruits were placed on sand, and ßies were allowed to emerge from fruits and pupate in the sand. The sand was screened weekly, and pupae were separated and allowed to emerge into 0.3 by 0.3-m cages. From these collections, a total of 2,645 pupae was recovered. These data were also used to assess the infestation rate of ßies at Kokomo.
Marking the Flies
Some of the ßies reared from the host fruits were marked using the methods outlined in Hagler (Hagler et al. 1992 , Hagler 1997 . Brießy, 12-to 21-d-old wild ßies were sprayed with a 1.0 mg/ml rabbit IgG (no. I5006; Sigma, St. Louis, MO) daily for 3 d before release. The same solution was placed in the ßiesÕ drinking water, where the ßies were allowed to drink ad libitum during the 3 d before release. Previous laboratory studies (S.L.P., unpublished data) show that marked ßies retained their markings longer than did ßies sprayed alone or than did ßies marked internally by drinking the solution alone. The protein mark was found to last from 4 to 6 wk in laboratory-reared ßies using this method.
Additionally, a subset (we targeted Ϸ25%) of the ßies reared from host fruits was marked with the Dayglo ßuorescent pigment "Aurora Pink" A-11 (DayGlo Color, Cleveland, OH). We then marked the ßies by placing the pupae of the ßies into the dye. The adult emerges by everting the ptilinum and forcing open the puparium. Dye is captured on the ptilinum and is permanently incorporated in the ßyÕs head when the bladder is pulled back inside the head (Schroeder and Mitchell 1981) . Another 20% of the ßies reared from the host fruits were marked with both methods.
Identification of Marked Flies
A double sandwich ELISA (Hagler 1997 ) was performed on each ßy captured in Iao Valley during Ϸ6 wk of trapping that followed the release of the marked ßies. The ßies were returned to Hilo, HI, and stored at Ϫ80ЊC until processing. The ßies were decapitated, and the head was crushed (with acetone) and examined under a black light for the presence of the dye. The body was placed in 0.5 ml tri-buffered saline (TBS), ground, and vortexed. Two 100-l samples of the solution were placed in each of two wells on a 96-well ELISA microplate that had been coated the night before with a 100-l anti-rabbit IgG (developed in goat; no. R2004; Sigma) of 10 l/5 ml solution TBS, kept at 4ЊC, and blocked with 50 ml of 1% nonfat milk. The plate was allowed to incubate at 27ЊC for 1 h. The insect sample in the wells was discarded, and the wells were washed four times with TBS containing 0.05% Tween 20. They were then washed twice with TBS. Aliquots of 50 l of anti-rabbit IgG conjugated to horseradish peroxidase (no. A-6154; Sigma) were diluted 1:500 in 1% nonfat milk and were incubated at 27ЊC for 1 h. The plates were washed as above. Then, 50 l of substrate was added, using the reagents from the horseradish peroxidase substrate kit (no. 172-1064; Bio-Rad, Richmond, CA). The wells were read at 405 nm using a microplate reader.
Mark-Release-Recapture
After marking, the reared ßies were transported in plastic coolers to the release site at the mouth of Iao Valley (Fig. 1) (Fig. 1) .
The ßies were released at a point approximately central to the largest S. torvum patches found in the valley (Fig. 1 ), but at least 25 m away from any host plant. After 21.3% mortality from transporting the ßies from the island of Hawaii to Maui, a total of 1,405 (726 male and 679 female) actively ßying ßies were available for release at the Iao Valley site. Of this total, 218 (131 males and 87 females) were marked with dye only; 316 (156 males and 160 females) were marked with both dye and vertebrate protein; and 871 (439 males and 432 females) were marked with vertebrate protein alone (Table 1 ). The proportions of variously marked ßies roughly reßected our original intentions, and they do not represent differential mortality associated with the different marking methods.
Part of our purpose was to see if the wild ßy population could be estimated using these methods. Assessing the actual size of the population is important for monitoring and control of the ßy. To estimate the size of the population found during the entire trapping period, we used the standard Lincoln-Petersen Index. Bootstrap resampling methods were used to construct conÞdence intervals around estimates of population size and provide an estimate of the SE size (Efron and Tibshirani 1993) . The bootstrap resampling was per- formed grouped by date of capture, and the estimates were obtained separately for each sex. For the males, separate estimates were made for both trapping types (protein-bait and male-lure traps) under the assumption that the trapping rates of the two trap types were the same in the wild and the released population. Four weeks before the release of the marked ßies, trapping was discontinued in Iao Valley so that the ßy population living in the valley would not be impacted during the mark-release-recapture study. On the day of release, however, 428 S. torvum fruit were collected from nine sites spanning the entire area of the Iao Valley site to determine that wild ßies were present in the various patches. One week after the releases, Jackson trap pheromone traps were added to the sampling area to increase the probability of male capture.
Results
Temporal Pattern of Wild Flies
Trapping of wild B. latifrons from June until the end of September in the Kokomo site on Maui (Fig. 2) was highly variable. Whereas male lure traps caught more males than protein-bait traps caught of either sex, both sets of data suggest that the catches were highly variable over time, with heavy infestation rates of the fruit. Both S. torvum and S. linnaeanum fruits sampled were found to be infested, with B. latifrons recovery rate higher in S. linnaeanum on a per fruit basis but lower on a per gram basis (Table 2) .
Laboratory Test of Infestation Rates in Different Fruits
Tests Without Holes Provided. In the data for the fruits without oviposition holes provided (Fig. 3a) , there was not a signiÞcant difference (F ϭ 1.60, P ϭ 0.25) in the number of larvae (or pupae) among parental types, apparently because of the high variance in the number of pupae that emerged. However, the transformed number of offspring that emerged from the different fruit types was signiÞcant (F ϭ 16.76, P ϭ 0.03). There was no signiÞcant interaction between the fruit from which the larvae was reared and the fruit on which it oviposited (P ϭ 0.52). Tests with Holes Provided. In the studies, in which oviposition holes were provided, there was a signiÞ-cant difference in the number of eggs laid (F ϭ 13.2, P ϭ 0.002), depending on the source of the female (source is based on the type of fruit [AS, TB, or LB] the parents fed on as larvae). There was no signiÞcant interaction between the type of fruit the ßy emerged from and into which it oviposited its eggs (F ϭ 0.09, P ϭ 0.52). This difference in the number of eggs laid was due largely to the higher number of eggs oviposited by the laboratory-reared ßies (Fig. 3b) .
Laboratory Preference Tests
Test with Fruit Volume Differing. When the ßies were given a choice of laying their eggs in either one TB fruit or one AS fruit in the small-chamber test, there was a preference for AS (Table 3 ). There were so few replications in which TB had either eggs laid (in those provided with holes) or where pupae emerged (no holes) that the statistical model could not be run.
Test with Fruit Volume Constant. In the Plexiglas cage choice test, which fruit the larvae came from (AS, TB, or LB) was not a signiÞcant factor (P ϭ 0.174) in the number of pupae laid in each type of fruit (AS or TB). However, signiÞcantly more pupae were recovered from AS than from TB (P ϭ 0.022). The interaction between ßies from AS, TB, or LB was not signiÞcant (P ϭ 0.43). The number of adults that emerged from these pupae did not statistically differ from these Þndings, i.e., the type of fruit from which pupae emerged did not signiÞcantly improve survival These were the source of ßies used in the mark-release-recapture study. Fig. 3 . The mean number of ßies observed ovipositing on either TB or AS, based on the fruit from which the larvae were reared. All ßies were wild and obtained through fruit collection, except for the LB ßies, which were obtained from the U.S. PaciÞc Basin Agricultural Research Center rearing facility in Honolulu, HI from pupae to adult. Across all types of fruits from which ßies were recovered (AS, TB, and LB), an average of 25.4 Ϯ 4.6 pupae were recovered from AS and 12.9 Ϯ 2.4 from TB, which indicates that, on average, there were twice as many ßies laid in AS than in TB, indicating a preference for AS.
Mark-Release-Recapture
Of the 1,405 healthy ßies released (726 males and 679 females), 44 ßies (28 males and 16 females) marked with vertebrate protein were recaptured out of a total of 145 ßies trapped over the course of the study. The 44 marked ßies represent 3.1% of the total released, but they represent 30.3% of the total ßies trapped during the 6 wk of trapping effort. Only two ßies marked with the dye only (both females) were recaptured, for a 0.92% recapture rate of those released and only 1.4% of those captured. There were three doubly marked ßies recaptured, for a 0.95% recapture rate, making up 2.1% of those captured. The number of dyed ßies captured compared with the number of protein-marked ßies was much lower than expected for both males and females (P ϭ 0.0015 and P ϭ 0.011, respectively, based on 1 df, 2 test, based on an expectation of ßies being caught in the same proportion they were released).
Over the Þrst 4 wk of the study, the released ßies were captured no farther than 200 m from the release point (with one exceptionÑ on 21 September 1999, a marked ßy was recovered 500 m from the release point; Fig. 4) . Initially, the ßies moved to patches that were within 100 m and then spread to a maximum of between 100 and 200 m over the next 3 d. The ßies were not captured further than this range during the rest of the study. There was no signiÞcant difference in distance moved between males and females (Wilcoxon rank-sum test, P ϭ 0.84). One interpretation is The mean no. eggs laid (dissected from provided holes) or the no. pupae and larvae emerged (no holes provided) The means are constructed across all replicationsÑthe no. replications is reported as (n).
Fig. 4.
Each box in the plot gives the median (dark star), Þrst and second quartiles (the shaded box), and the range of the data (the "whiskers") of distance from the release site at which marked ßies were captured. The width of the box is proportional to the number ßies captured on that date. The distribution of each ßy capture is plotted against the number of days after the release on 23 August 1999. The recapture effort ended 49 d after release (12 October 1999), after which the trapping was discontinued. Traps were checked daily during the Þrst week, twice the second week, weekly for the next 3 wk, with a Þnal collection after an additional 2 wk. Small box lengths such as those on days 3 and 4 indicate that marked ßies were only found at a few locations located at about the same distance from one another. that these data suggest that, in the presence of abundant hosts, there is little movement of the ßies; however, with low capture rates, inefÞcient lures, and other possible explanations, long distance movement cannot be ruled out. However, there is a suggestion that movement rates are low.
Estimation of Population Size
Because the number of dyed ßies captured was unexpectedly low, the estimation of population size was done under two different assumptions. First, if the dye marker was lost so that dyed ßies were counted as wild ßies, we estimate the bootstrap resampling mean population size of the males in the Iao Valley at the time of the study (and its 95% conÞdence interval) to have been 2,358.59 Ϯ 495.52. We estimate the bootstrap resampling mean size of the female population to have been 1,518.54 Ϯ 260.24. Under the assumption that most of the dyed ßies died, we estimate the bootstrap resampling mean size of the male population to be 1,930.24 Ϯ 425.38 and the bootstrap resampling mean size of the female population to be 1,118.28 Ϯ 197.19 . In each of the estimates of population size for the separate assumptions about ßy fate, there were signiÞcantly more males than females in the population, but given the uncertainty of what happened to the dyed ßies, this cannot be established conclusively. Conservatively, we can say that there were between 1,505 and 2,854 wild males in the valley during the course of the study and between 921 and 1,779 wild females.
From the 428 fruits collected (weighing a total of 459.2 g) on the day of release, 112 ßy pupae or larvae were recovered (0.26 ßies/fruit, 0.24 ßies/g fruit). This establishes that wild ßies were in the area during the mark-release-recapture. It is interesting that these infestation rates are similar to those we found at the lower Kokomo site, suggesting that the population sizes may be similar. More tests would be necessary to conÞrm this however.
Discussion
The mean number larvae per infested fruits was Ͻ1; this indicates that there were fruits available in the Þeld on which to oviposit that were not used (Table  2) , and S. torvum seemed underused. It seems unlikely that the ßies were limited by host fruit or food resource (assuming their principle source of protein is bird droppings as is found in other tephritids (Prokopy et al. 1992 (Prokopy et al. , 1993 . However, we have no direct information on their adult feeding preferences in the wild. These ßies also have a high biotic potential. The life history of B. latifrons, investigated by Vargas and Nishida (1985) , provides insight into the fecundity of this species. They report that the ßies have a 20-d larval/pupal development time and live an average of 64.1 d in the adult stage. Females lay 256 Ϯ 23.9 total eggs over a period of 49.5 Ϯ 3.6 d. These data suggest that the ßies have the potential to reach high population numbers; however, this potential was apparently not realized in the area studied.
In light of the infestation rate of the fruit and the lack of obvious ovipositional resource limitation in these ßies, there are at least two broad explanations: (1) We are trapping a small number of the adult population because the attractants used in the traps are not strong attractants for B. latifrons; and/or (2) the population is being regulated below its biotic potential (e.g., high larval mortality, parasitism, or high emigration from the area). Neither of these can be ruled out from this data, but the population size estimates suggest the Þrst because we caught very few of the ßies estimated to live in the Iao Stream region.
The preference data suggest that, although there is no difference in the number of eggs laid in fruits in which holes have been provided for oviposition, there is a large difference in the suitability of host fruits in terms of how many offspring emerge from the fruits. There may be several reasons for this. S. linnaeanum is perhaps easier to penetrate with a female ßyÕs ovipositor than S. torvum. Factors such as the hardness of the fruitÕs skin may cause the results we have observed. Other factors might also be inßuencing the observed differences. For example, fruits of S. torvum are much smaller than those of S. linnaeanum. If larval resources are more abundant in the larger fruit, larval survival might be higher. This is especially true if more than one larva develops in a small fruit where the effects of crowding might exacerbate competition for limited resources.
These studies also conÞrmed that laboratory ßies are much different than their wild counterparts. Studies that use laboratory-reared ßies to make inferences about wild populations may have limited usefulness in understanding the behavior of wild ßies. Our experience has been that one needs to be careful in deciding which tests validly can be done using laboratory ßies. The tests conducted on male lures (Liquido et al. 1998, McQuate and Peck 2001) seemed to give results comparable with tests with wild ßies, whereas tests on food (Matsumoto and Nishida 1962) , egging response, movement, and time to sexual maturity may differ considerably.
The mark-release-recapture data suggest that B. latifrons has low movement in the presence of hosts. The low movement rates we reported in the presence of hosts are consistent with Jones et al. (1996) on the movement of noneconomically important tephritid ßies and Kovaleski et al. (1999) , who found that, in movement studies of the tephritid ßy Anastrepha fraterculus, 94.7% of marked ßies stayed within 200 m of the release point. Notwithstanding, in the study of Kovaleski et al. (1999) , ßies were recaptured in an apple orchard, indicating that some of the ßies moved to where the preferred host was found. Further evidence that movement may be similar in host and nonhost patches comes from Plant and Cunningham (1991) , who showed that 0.70% of released and recaptured laboratory-reared Mediterranean fruit ßies (C. capitata) stayed within 150 m of the release point in a nonhost macadamia-nut orchard (Plant and Cunningham 1991) .
When a host is not present, it is clear that at least some ßies move further than expected. Anecdotically, in an isolated pepper garden, located in the middle of the 1907 Mauna Loa lava ßow on Hawaii, we found peppers infested with B. latifrons larvae. The nearest source population for the ßy was Ϸ21 km away over lava Þelds with very little plant growth, suggesting that when there is not host fruit available for oviposition, the ßies may be able to move over a considerable distance. This points to one of the greatest problems in movement studiesÑassessing rare events that are not observed in typical mark-release-recapture studies, such as a low number of long distance dispersers. While this problem is recognized in the movement literature, there seem to be few good solutions for monitoring such long distance, rare events (Turchin 1998) . These long distance events may play a major role in the dispersal of invading organisms, however, and models have shown that the speed at which an invasion proceeds is enhanced signiÞcantly by these long distance dispersal events (Kot et al. 1996) . Understanding these rare events may be important to fully understand the invasion process.
We are unable to explain why the recapture rate for dye-marked ßies was so low. In the laboratory, we have seen no increased mortality caused by the dye itself, suggesting that something external to the ßy might be inducing the mortality. At least three possibilities for the loss of the dyed ßies arise. One possibility is that the dye caused heavy mortality. The dye is highly visible in the UV spectrum. This perhaps increased predation rates on the dyed ßies. The second possibility is that the dye caused ßies to migrate long distances quickly. This seems unlikely; we can think of no mechanism that would cause changes in behavior. The third possibility is that the dye is not retained in the wild as it is in cage studies. We discovered anecdotal evidence supporting this possibility in archived data from an unpublished mark-releaserecapture study on the related species, Bactrocera dorsalis, conducted at the USDA PaciÞc Basin Research Center in Hilo, HI. The study was considered a failure because few dyed individuals were recaptured; however, a careful re-examination of the data showed large (3 times normal) unexplained increases in the "wild" ßy population near the release point, and there were decreases in ßy numbers as one examined the catches further and further away from the release point, suggesting that the "wild" ßies were dyed ßies that had lost their mark. Wild ßies may lose the dye because of conditions found in the Þeld that differ from those in the laboratory. Environmental differences could include different moisture gradients or exposure to chemicals in food preferences that release or change the dye. These dyes have not been well tested on Bactrocera sp. (but see Schroeder et al. 1974) .
A number of questions remain to be explored. Do the ßies have behavioral mechanisms that allow them to ßy up into the wind to be carried further than they can ßy? Does a ßy use environmental clues to determine its movement behavior? Do the ßies exhibit metapopulation dynamics or exist in source-sink populations? Do host preferences affect their population dynamics and movement? More movement studies are desperately needed to Þll in the gaps and help us better understand the invasion process.
